The acute phase serum amyloid A protein (SAA) 1 is a 12-to 14-kDa apolipoprotein encoded by SAA1 and SAA2 allelic variants (1) and is found predominantly in the plasma high density lipoprotein fraction (2, 3) . SAA is normally present in the bloodstream at 0.1 M. In response to various injuries, including trauma, infection, inflammation, and neoplasia (4), the levels of SAA increase up to 1000-fold. As with other acute-phase reactants, the liver is the major site of SAA expression (5) . However, SAA is also expressed in cells within human atherosclerotic lesions (6, 7) , histologically normal epithelial, endothelial (8) , and monocytic cells, macrophage cell lines such as THP-1 cells (4, 9) , and human tumor cells (4) . SAA is also expressed in the brain of patients with Alzheimer disease (10) and in synovial tissue from patients with rheumatoid arthritis (11) .
Multiple studies have demonstrated a significant association of altered SAA levels with several pathological states, particularly chronic inflammatory diseases such as secondary amyloidosis (12, 13) and atherosclerosis (6, 9, 14) . Prolonged or repeated inflammatory conditions leading to elevated serum SAA levels can cause a reactive form of amyloidosis in peripheral tissues, resulting in progressive loss of organ function. SAA fragments resulting from the enzymatic degradation of SAA form amyloid A, a major constituent of amyloid fibrils (13) (14) (15) . In atherosclerosis, SAA accumulates in macrophages, macrophage-derived "foam cells," adipocytes, endothelial cells, and smooth muscle cells within the vascular plaque (9) . The exact role of SAA in atherogenesis is complicated by its effect upon the metabolism of HDL and other lipoprotein fractions (16, 17) . At lower levels, SAA associates with HDL forming a heterogeneous HDL population containing both SAA and apoA-I. At elevated concentrations, SAA displaces apoA-I and produces lipoprotein fractions containing predominantly SAA, lipid-poor apoA-I, and lipoprotein-free SAA. Persistently high SAA levels are usually associated with significantly reduced apoA-I and HDL cholesterol levels due to enhanced HDL metabolism (18, 19) . SAA may also act as a signal for redirecting HDL to the sites of tissue destruction and cholesterol accumulation (20) . Additionally SAA may contribute to HDL-mediated clearance of cellular cholesterol by modulating LCAT activity (21) . Moreover, SAA has been shown to modulate cholesterol transport by serving as a cholesterol-binding protein (22) , as well as a direct activator of the ABCA1-dependent pathway of cholesterol translocation to an extracellular cholesterol acceptor (23) .
SAA in its lipid-poor form has been shown to modify immune responses. In vitro studies have provided compelling evidence that SAA can act as a chemoattractant for such immune cells as monocytes, polymorphonuclear leukocytes, mast cells, and T lymphocytes (24 -26) . Furthermore, it has been reported that SAA significantly stimulates the secretion of the pro-inflammatory cytokines tumor necrosis factor-␣, IL-8 and IL-1␤ by cultured human neutrophils, as well as the release of tumor necrosis factor-␣ from lymphocytes (27) and of IL-1␤ from THP-1 monocytic cells (3) . The importance of SAA in various physiological and pathological processes has raised a considerable interest in the identity of the one or more cell surface receptors that bind, internalize, and mediate SAA-induced proinflammatory effects. SAA has been recently demonstrated to be a chemoattractant ligand for the human N-formyl peptide receptor like-1, a transmembrane G-protein-coupled receptor expressed on phagocytes (28) . Additionally, the cytokine-like activity of SAA has been reported to be directly mediated by N-formyl peptide receptor like-1/LXA4R, the receptor recognized as a mediator of the anti-inflammatory effects of lipoxin (1, 29) .
CLA-1 and rodent scavenger receptor BI (SR-BI), are HDL receptors, highly expressed in liver, adrenal gland, ovary (30) , and atherosclerotic lesions of apoE-deficient mice (31) . In addition, CLA-1 and SR-BI are highly expressed on monocytes/ macrophages (32) , cells known to be the primary sites of SAA uptake. Like CD36, SR-BI/CLA-1 has been shown to be a multifunctional receptor able to bind a broad variety of ligands, including native, oxidized, and acetylated low density lipoprotein (33), native very low density lipoprotein (34) , anionic phospholipids, lipopolysaccharide, and apoptotic cells (35, 36, 37) . The presence of amphipathic helices is a common feature of exchangeable apolipoproteins, known to be the primary ligands for SR-BI. Utilizing this knowledge, our group and others (38) have provided evidence that synthetic amphipathic peptides, possessing one or more class A amphipathic helices in their structure, are potent CLA-1 ligands and effective competitors for apoA-I and HDL binding to SR-BI/CLA-1 (39) . Because SAA is known to be an amphipathic protein, having two amphipathic ␣-helical regions corresponding to the 1-18 N-terminal and 72-86 C-terminal sequences (14) , we evaluated whether CLA-1 is a potential SAA receptor involved in binding, internalization, and pro-inflammatory signaling.
Only recently, a new function for SR-BI has emerged: the activation of cell signaling pathways upon ligand binding (40 -42) . The concept of CLA-1 being involved in the signal transduction process results from a recently observed interaction between CLA-1 and the cytoplasmic PDZK1 adaptor protein (43) . This adaptor protein is known to play a crucial role in regulating various biological processes, including signal transduction, adhesion, membrane trafficking, and cellular transport (44) . The initial report indicated that one of the four domains of PDZK1 is associated with the SR-BI cytoplasmic C terminus (43) . Additionally, the ability of HDL to stimulate the endothelial nitric-oxide synthase activity in an SR-BI-dependent manner has been demonstrated by the studies of Yuhanna et al. (40) and Li et al. (41) . Furthermore, the report of Grewal et al. (42) provided additional evidence for SR-BI signaling by describing SR-BI as a primary candidate for HDL-initiated signaling through activating Ras in a protein kinase C-independent manner. These multiple observations have led us to investigate the role of CLA-1 as a potential SAA-signaling receptor, contributing to the SAA-induced proinflammatory response. In this study, using the CLA-1-overexpressing HeLa cell model and human monocyte cell line, we demonstrate that lipid-poor SAA directly binds to CLA-1 and that CLA-1 ligands efficiently compete with SAA for CLA-1 binding. Furthermore, SAA is found to activate p44/p42 and p38 kinases, two members of the mitogen-activated protein kinase (MAPK) superfamily in both HeLa and THP-1 cells in a CLA-1-dependent manner.
EXPERIMENTAL PROCEDURES
Reagents-All media, sera, and antibiotics were from Invitrogen. The MAPK inhibitors PD98059 and SB203580 were purchased from BI-OMOL Research Laboratories (Plymouth Meeting, PA), human HDL was obtained from Calbiochem, and recombinant synthetic human apoSAA was purchased from PeproTech (Rocky Hill, NJ). Lipid content of the recombinant apoSAA was analyzed by the Phospholipids B enzymatic method (Wako, Richmond, VA) and an enzymatic cholesterol method (Roche Applied Science) on a Cobas Fara II analyzer (Roche Applied Science). According to these assays, the SAA preparation contained small amounts of phospholipids (5 ng/g) and cholesterol (Ͻ2 ng/g) and was considered as a lipid-poor form of SAA throughout this study. The endotoxin level in both SAA and HDL preparations were Ͻ0.1 ng/g (1 endotoxin unit/g). The synthetic amphipathic peptides were synthesized by a solid-phase procedure (45, 46) . Peptide sequences were described in a previous report (39) .
Cell Cultures-Human HeLa (Tet-off) cells (Clontech, Palo Alto, CA) and CLA-1-overexpressing HeLa cells were cultured in Dulbecco's modified Eagle's medium, supplemented with 10% fetal calf serum, 2 mM glutamine, 100 units/ml penicillin, 100 g/ml streptomycin, and 100 g/ml G418 at 37°C in a 5% CO 2 humidified atmosphere. The CLA-1-overexpressing HeLa cell (4C2 clone) was characterized in our previous report (37) . To further confirm the results obtained using the 4C2 clone, additional CLA-1-overexpressing HeLa cell clones were analyzed for Alexa 488-HDL binding and CLA-1 expression by Western blotting. As an additional model, HEK 293 cells with low endogenous CLA-1 levels were stably transfected with CLA-1 pIRES-hrGFP-2a plasmid (Stratagene) followed by selecting cells with highest green fluorescent protein expression. Human monocytic THP-1 cells (TIB-202 from ATTC) were maintained in complete RPMI 1640 medium containing 10% fetal calf serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. Differentiated human monocytes were prepared as previously reported (47) .
Alexa 488-labeled Ligand Uptake and Competition Experiments-HDL and SAA were conjugated with Alexa Fluor® 488, using a protein labeling kit (Molecular Probes, Eugene, OR) following the vendor's instructions. The Alexa-labeled preparations were analyzed by SDS-PAGE, using 10 -20% Tricine pre-cast gels (Invitrogen). Gels were scanned using a Fluorocsan (model A, Hitachi). Alexa-labeled HDL apolipoproteins, and SAA were detected in the appropriate position with molecular masses of 28, 18, and 12 kDa for apoA-I, apoA-II, and SAA, respectively (data not shown). All incubations were performed in Dulbecco's modified Eagle's medium (HeLa cells) or RPMI 1640 (THP-1 cells), containing 0.1% bovine serum albumin at 37°C. Uptake experiments with HeLa cells were performed by using Alexa 488-SAA at concentrations between 1.25 and 10 g/ml. After 2 h of SAA incubation, the cells were rinsed with ice-cold PBS and detached by a 30-min incubation in EDTA-containing Cell stripper (Mediatech, Inc., Herndon, VA). Cells were resuspended and added to an equal volume of 4% paraformaldehyde in PBS. A competition assay was performed, using 5 g/ml fluorescence-labeled SAA and unlabeled ligands ranging in concentration from 5 to 100 g/ml. Following a 2-h incubation, HeLa cells were treated as described above, while the samples of THP-1 cell suspensions were transferred to centrifuge tubes and pelleted by a brief centrifugation (5000 rpm, 5 min at 4°C). After washing with ice-cold PBS, the cells were centrifuged one more time, and the resulting pellets were again resuspended in PBS and mixed with an equal volume of 4% paraformaldehyde. Cell-associated fluorescence was analyzed by a flow cytometry using a FACScan (BD Biosciences) and analyzed using FlowJo software (Tree Star, San Carlos, CA).
Detection of Activated ERK1/2 and p38 by Western Blot AnalysesMock (Tet-off) and CLA-1-overexpressing HeLa cells were grown in 6-well culture plates to confluence. Before the MAPK activation assay, the cells were incubated overnight in Dulbecco's modified Eagle's medium. The cells were stimulated for the indicated periods of time with SAA (25 g/ml), HDL (50 g/ml), or phorbol 12-myristate 13-acetate (25 ng/ml) at 37°C. After stimulation, the culture medium was immediately aspirated; the cells were placed on ice and washed three times with ice-cold PBS. Afterward, the cells were scrapped into 100 l of lysis buffer (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 0.5% (v/v) Triton X-100, 1 mM NaF, 1 mM Na 3 VO 4 , 50 mM 2␤-mercaptoethanol, 5 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride, and 2% (v/v) protease inhibitor mixture set III (Calbiochem, San Diego, CA)). After 10-min incubation on ice, the samples were sonicated for 5-6 s and centrifuged at 12,000 rpm for 10 min at 4°C. The cell extracts were collected and mixed with the 2ϫ SDS sample buffer. The samples were separated on SDS-PAGE in 10% Tris-glycine pre-cast gels (Invitrogen) and then transferred to nitrocel-lulose membranes. The membranes were blocked in Tris-buffered saline with 0.1% Tween 20 and 5% (w/v) nonfat dry milk and further incubated either with the primary anti-phospho-p44/42 or anti-phospho-p38 MAPK antibodies or with the corresponding antibodies that recognize both active and inactive forms of each subfamily of kinases (Cell Signaling Technology, Beverly, MA) overnight at 4°C. Immunoreactive bands were detected with a horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) and the enhanced chemiluminescence (ECL) system (Amersham Biosciences). Alternatively, the immunoreactive bands were detected using an alkaline phosphataseconjugated secondary antibody and Western Blue Stabilized Substrate for Alkaline Phosphatase (Promega, Madison, MI). For measurement of MAPK activation, THP-1 cells were incubated overnight in serum-free RPMI with 0.1% bovine serum albumin, and further incubated in the same fresh medium for the next 4 h. Before the experiment, the cells were placed into 12-well culture plates (2 ϫ 10 6 cells per well) and treated with the corresponding stimuli for the indicated duration of time. The cell suspensions were then collected and centrifuged (12,000 rpm, 5 min at 4°C). The cells were then washed with ice-cold PBS, and subsequently pelleted by a brief centrifugation. The resulting cell pellets were resuspended in the lysis buffer and analyzed according to the procedure described above for HeLa cells.
Other Procedures-IL-8 secretion was analyzed in culture media after a 24-h incubation utilizing commercial enzyme-linked immunosorbent assay kits (BioSource International, Camarillo, CA). Cross-linking and colocalization experiments were conducted as reported previously (39) . Briefly, fluorescently labeled ligands (Alexa 488-HDL or Alexa 488-SAA) were added in 1 ml of Dulbecco's modified Eagle's medium containing 2 mg/ml lipid-free bovine serum albumin, and the cells were incubated for 90 min at 37°C in a CO 2 incubator. Cells were washed three times with ice-cold PBS and incubated with 250 M disuccinimidyl suberate in PBS for 15 min at room temperature. After washing and a 2% Triton X-100 extraction, the complexes were precipitated using rabbit anti-CLA-1 (raised against the C-terminal 15-AA peptide) or non-immune rabbit serum. Tris-glycine (12%)/SDS-PAGE, gels were utilized for protein separation, and Alexa 488 signal was detected using a Typhoon 9200 imager (Amersham Biosciences).
For colocalization experiments, CLA-1-overexpressing and mock transfected HeLa cells were incubated with 2.5 g/ml Alexa 488-SAA for 1 h at 37°C followed by fixation using 4% paraformaldehyde. Cells were permeabilized by incubating with 0.1% Triton X-100 in PBS for 10 min at room temperature and further incubated with 10 mg/ml bovine serum albumin, 1% goat serum in PBS to prevent nonspecific antibody absorption. CLA-1 was detected utilizing rabbit anti-CLA-1 antiserum as a first antibody. Alexa 488/568-labeled goat anti-rabbit IgG were used as a second antibody (39) . Fluorescence was viewed with a Zeiss 510 laser scanning confocal microscope, using a krypton-argon-Omnichrome laser with excitation wavelengths of 488 and 568 nm for Alexa-488 and Alexa-568 labels, respectively.
RESULTS

Alexa 488-SAA Uptake Is Enhanced in CLA-1-overexpressing
HeLa Cells-It is known that SR-BI/CLA-1 overexpression increases uptake of SR-BI ligands (33, 36, 48) . The functional activity of CLA-1-overexpressing HeLa cells has been demonstrated previously by observing increased HDL binding and HDL cholesterol ester uptake (37) . To evaluate if SAA could be a potential ligand for CLA-1, we determined Alexa 488-SAA uptake by the CLA-1-overexpressing HeLa cells compared with mock transfected control cells. As seen in Fig. 1A , CLA-1-overexpressing HeLa cells demonstrated a 5-fold increase in SAA-uptake when compared with the mock transfected control. SAA-uptake calculated as an arbitrary unit of fluorescence at 488 nm per cell appears to be dose-dependent, approaching a plateau at 2.5 g/ml SAA (Fig. 1A) . Alexa 488-HDL uptake demonstrates a similar dose-dependent accumulation of fluorescent signal in CLA-1-overexpressing HeLa cells, approaching a plateau at 2.5 g/ml HDL (Fig. 1B) . To further confirm the increased SAA uptake in CLA-1-overexpressing cells, several clones expressing various CLA-1 levels were incubated either with 2.5 g/ml Alexa 488-HDL or 1 g/ml Alexa 488-SAA followed by FACScan analysis of bound ligand (see "Materials and Methods" section). As seen in Fig. 1C , HDL and SAA uptake demonstrated a linear correlation indicating a direct association between SAA uptake and a primary HDL-binding function of CLA-1.
SAA Cross-linking-To evaluate the direct interaction of CLA-1 with SAA, CLA-1-overexpressing, and mock transfected HeLa cells were incubated with Alexa 488-SAA-or Alexa 488-protein-labeled HDL as positive control using disuccinimidyl suberate as a cross-linker (39) . As seen in Fig. 2 (lane 1) cross-linked complexes of CLA-1 and HDL were detected predominantly as one major band with molecular mass of ϳ200 kDa. This approximates the theoretical masses of HDL proteins (ϳ100 kDa) cross-linked to CLA-1 monomer (ϳ82 kDa). Incubations in the presence of 20-fold excess of HDL drastically reduced the signal intensity in that band, indicating a direct competition for CLA-1 binding (data not shown). The signal for Alexa 488-SAA (molecular mass ϳ12 kDa) occurred predominantly in a band with molecular mass of ϳ95-110 kDa (lane 2).
An appearance of minor upper band may represent the CLA-1 cross-linking to a dimer SAA, whereas the lower one to monomer SAA. The signal intensity in both bands was significantly reduced when the fluorescent ligands were incubated with 20-fold excess of unlabeled HDL and SAA, respectively (lanes 3 SAA Colocalizes with the Endoplasmic Recycling Compartment Marker, Transferrin-In contrast to LPS and L-37pA, which bind to CLA-1 and are transported predominantly to the Golgi, SAA was found in the endoplasmic recycling compartment (ERC) and lysosomes (49, 50) . Confocal microscopy demonstrated (Fig. 4) extensive overlap between fluorescent transferrin and SAA (panel C) in CLA-1-expressing HeLa cells, thus confirming an involvement of CLA-1 with SAA internalization and distribution to the ERC. Additionally, differentiated human monocytes also demonstrated a strong colocalization of Alexa 488-SAA with internalized transferrin, further confirming SAA internalization to the ERC (panels D-F).
Amphipathic ␣-Helical Peptides Compete for Alexa 488-SAA Uptake in HeLa and THP-1 Cells-As seen in Fig. 5 (A and B) , two SR-BI ligands, apoA-I and the synthetic amphipathic helical peptide, L-37pA, competed with Alexa 488-SAA for CLA-1 in both mock transfected and CLA-1-overexpressing HeLa cells. Cold SAA was also an efficient competitor. No competition was found with the L3D-37pA peptide, which contains three D-amino acid substitutions and does not interact with CLA-1 (51). Two other peptides, L1D-37pA and L2D-37pA, containing, respectively, 1 and 2 D-amino acid substitutions, which partially disturb the amphipathic ␣-helical motif, were also without effect (data not shown). HDL also competed against SAA in a dose-dependent manner in both CLA-1-overexpressing HeLa cells and mock transfected HeLa cells (data not shown).
CLA-1 was next tested as a potential receptor for SAA, using the THP-1 monocyte cell line. This cell line represents a well recognized physiologically relevant model of phagocytes and expresses high levels of CLA-1 (52, 53) . Unlabeled SAA, as well as other CLA-1 ligands, including HDL, apoA-I, and L-37pA peptide, potently inhibited Alexa Fluor 488-SAA uptake by THP-1 cells in a dose-dependent manner (Fig. 6) . Importantly, the peptide with an impaired ␣-helical motif in its structure, L3D-37pA, was unable to compete for SAA uptake.
SAA-induced IL-8 Secretion Is Increased in CLA-1-overexpressing HeLa and HEK 293
Cells-According to recently reported data, SAA in its lipid-poor form possesses "cytokinelike" activity, being able to induce the release of several proinflammatory cytokines by cultured human neutrophils (27, 29) , lymphocytes (54) 3-to 5-fold increase of IL-8 release in CLA-1-overexpressing cells when compared with mock transfected controls (Fig. 7A) . At the same time (Fig. 7B ), we were able to demonstrate increased levels of IL-8 secretion by CLA-1-overexpressing cells as a result of their treatment with HDL (20 -100 g/ml), using HDL concentrations recently reported to mediate signaling (42) . Importantly, HDL preparations contained negligible levels of LPS as determined by using the Limulus Amebocyte Lysate assay. These levels of LPS did not induce IL-8 secretion in either HeLa or THP-1 cells (data not shown). The results of the experiments using HEK 293 cells yielded similar differences in SAA-induced IL-8 secretion levels between the control mock transfected and CLA-1-overexpressing cells (Fig. 7C) and had a lower basal IL-8 expression.
Amphipathic ␣-Helical Peptides Block SAA-induced IL-8 Secretion in THP-1 Cells-To demonstrate that CLA-1 antagonists, such as the amphipathic ␣-helical peptides, block SAAinduced IL-8 secretion, THP-1 cells were used, which demonstrated higher reactivity to lower doses of SAA (0.25-2.5 g/ml; data not shown) than was observed with HeLa cells. Because HeLa cell IL-8 secretion required a relatively high SAA concentration of 2.5 g/ml, the same experiment would have required the use of amphipathic ␣-helical peptides of much higher (toxic at prolonged incubations (51)) concentrations. The results plotted in Fig. 8 demonstrate that amphipathic ␣-helical peptides inhibit SAA-induced IL-8 secretion in a dose-dependent manner. L-37pA peptide and its D-isomer, D-37pA, efficiently inhibited IL-8 release induced by SAA. On the other hand, L-37pA demonstrated a higher degree of inhibition (80%) compared with its D-analog (60%), respectively, and a lower dose of L-37pA than D-37pA was required (5 g/ml versus 25 g/ml) to reach a maximum blocking effect. At the same time, L3D-37pA, the synthetic peptide lacking an ␣-helical motif, failed to inhibit SAA-induced IL-8 secretion at any of the concentrations tested.
SAA-initiated Activation of MAPKs (ERK1/2 and p38) Is Enhanced in CLA-1-overexpressing HeLa Cells-The
MAPKs ERK1/2 and p38, members of the MAPK superfamily, are known to participate in the signal transduction cascades controlling cell growth and differentiation (55, 56) , as well as cellular responses to cytokines and stress (57, 58) . It has been previously reported that proximal signaling events induced by SAA include activation of MAPKs, ERK1/2 and p38, a requirement for induced IL-8 release (29) .
To test whether increased IL-8 production induced by SAA is associated with activation of both MAPKs, we compared the degree of ERK1/2 and p38 phosphorylation in CLA-1-overexpressing and control HeLa cells after SAA stimulation. Fig. 9 demonstrates a higher level of ERK1/2 (panel A) and p38 (panel B) activation in CLA-1-overexpressing cells after SAA treatment for 5-30 min. The MAPK phosphorylation increase was also observed in the CLA-1-overexpressing cells after incubation with HDL for 10 min. This HDL effect is consistent with the recently reported data demonstrating HDL-mediated, SR-BI-dependent MAPK activation (42) . Treatment of HeLa cells with the specific MAPK inhibitors, PD-98059 and SB-203580, which selectively block MEK1, the upstream kinase of ERK1/2, and p38 kinase activity, respectively, resulted in the decrease of both SAA-induced as well as HDL-induced MAPK phosphorylation (Fig. 10, A and B) . This finding suggests the involvement of the CLA-1-mediated MAPK signaling for both SAA and HDL. Despite SB-203580 being a direct inhibitor of p38 activity, our data demonstrate a marked decrease in the phosphorylated form of p38 kinase upon treatment with this compound. Following an overnight incubation in serum-free medium, the cells were stimulated with 25 g/ml SAA for the indicated time intervals. HDL (50 g/ml) was used as a positive control. ERK1/2 and p38 phosphorylation was detected by Western blotting using specific ERK1/2 and p38 antibodies. The non-phosphorylated forms of both kinases were also detected. Simultaneously, the ␤-actin levels in the corresponding samples were detected to monitor protein loading. The resulting bands were quantified by scanning densitometry using GelPro Analyzer software. Data are presented as the ratio of integral optic density for activated MAPK bands to the corresponding integral optic density values for ␤-actin bands. The data represent one of three separate experiments that yielded similar results.
These results can be possibly explained by the nonspecific inhibitory effect of the large excess (50 M) of SB-203580 upon the activity of some other upstream kinases. With lower doses of SB-203580 (10 M and 20 M), we did not observe any consistent changes in the phosphorylation levels of p38 kinase (data not shown). At the same time, lower doses of this inhibitor partially blocked (up to 20% from control levels) SAAinduced IL-8 secretion, the downstream event of the p38 kinase signaling cascade (Fig. 11B) . As opposed to SB-203580, the effects of the MEK1 inhibitor PD-98059 on SAA-induced secretion of IL-8 in both mock and CLA-1-overexpressing HeLa cells were less effective, with the maximum inhibition being 50 -60% with respect to control levels (Fig. 11A) . This observation could possibly reflect the differential contribution of these MAPK pathways to the downstream IL-8 production.
Amphipathic ␣-Helical Peptide L-37pA Inhibits SAA-induced MAPKs Activation in THP-1 Cells-ERK1/2 and p38 can be activated in THP-1 monocyte cells, using SAA concentrations as low as 5 g/ml, whereas a 4 -5 times higher dose of SAA was required in epithelial HeLa cells (data not shown). Because monocytes/macrophages are more likely physiological targets than epithelial cells, we used THP-1 cells to demonstrate that L-37pA inhibits the CLA-1-dependent activation of ERK1/2 and p38 by SAA. Fig. 12 demonstrates that with the SAA stimulatory effect on both MAPKs (ERK1/2 (panel A) and p38 (panel B)), phosphorylation was reduced to basal levels in the presence of a 10-fold excess of the L-37pA peptide, whereas the non-helical peptide L3D-37pA did not demonstrate any inhibitory effect. DISCUSSION SAA is a major acute phase plasma protein involved in multiple physiological and pathological processes. Previous in vitro studies have demonstrated the cytokine-like properties of SAA, which induces the release of several cytokines in human THP-1 cells and neutrophils (3, 27) . This along with experimental data demonstrating that SAA is a potent chemotactic agent for several types of inflammatory cells (24, 26, 59) provides compelling evidence for an important regulatory role of SAA in inflammatory and immune responses. Recently, the seventransmembrane-spanning G-protein-coupled FPRL1/LXA4R protein has been reported as the candidate signaling receptor mediating some of cytokine-like and chemoattractant effects of SAA (1, 28, 29) . However, no data has been reported on the possible involvement of CLA-1 in SAA-induced signaling. The possibility that SAA could be a potent ligand for CLA-1 was based on the current concept that CLA-1 like other scavenger receptors are pattern recognition receptors. CLA-1 binds a broad range of ligands, exhibiting various biological activities but sharing common structural features. SAA is an amphipathic polypeptide, containing two amphipathic ␣-helices in its structure (14) . These features also are present in several other known CLA-1 ligands, including major HDL apolipoproteins, and apparently are determinants recognized by ligandbinding domain/domains of the CLA-1 receptor.
Our study provides evidence that the HDL receptor, CLA-1, may function as a receptor for lipid-poor SAA, being involved in both binding and downstream signaling, triggered by the ligand-receptor interaction. We have demonstrated that CLA-1-overexpressing cells show an enhanced SAA uptake when com- pared with mock transfected cells. Alexa 488-SAA specifically bound to CLA-1-expressing HeLa cells with high affinity (K d ϳ 1 g/ml) and a 5-fold increased capacity when compared with vector-transfected control cells. Due to its amphipathic nature, SAA as well as L-37pA or LPS is oligomerized into micelles in physiological saline solution with an estimated molecular mass of 100 -200 kDa. Using these estimated molecular masses, SAA has an approximate K d value of 1 ϫ 10 Ϫ8 to 5 ϫ 10 Ϫ9 M, which is compatible with previously reported values for HDL, L-37pA, and LPS (37, 39) . We also studied a correlation between the HDL-binding and SAA-binding function of CLA-1 in several HeLa cell lines stably transfected with CLA-1. As seen at Fig.  1 , HDL and SAA binding correlated well with all of the clones used in the experiments. When transfecting another cell line, HEK 293, CLA-1 also dramatically increased SAA binding and internalization (data not shown). The direct interaction between CLA-1 and SAA was further supported by the results of the cross-linking experiments. SAA cross-linked predominantly to monomer CLA-1; this observation contrasts with our previously reported data regarding L-37pA and LPS, which demonstrated a significant signal associated with the dimer form of CLA-1 (39) . Because LPS and L-37pA were distributed primarily to the Golgi, whereas SAA was distributed primarily to the ERC, this monomer/dimer binding difference may suggest that monomeric and dimeric CLA-1 internalize CLA-1 ligands toward distinct intracellular compartments. Both transferrin/SAA and anti-Cla-1/SAA colocalization experiments strongly suggest endocytic functions for CLA-1, which is now being further investigated in our laboratory. Importantly, differentiated human monocytes also demonstrated a rapid SAA internalization and distribution to the ERC.
CLA-1 ligands, including HDL, its major apolipoprotein apoA-I and ␣-helical amphipathic peptides, effectively com- peted for SAA binding in CLA-1-transfected HeLa and THP-1 cells. Our results demonstrate that the markedly increased SAA binding, observed in CLA-1-overexpressing HeLa cells, correlates well with their higher IL-8 secretion compared with control cells. IL-8 secretion is known to be a distal event of the ERK1/2 and p38 MAPK signaling cascades activated by numerous agents, including lipid-poor SAA (29, 60, 61) . In our study, we were able to demonstrate that phosphorylation of both MAPKs was markedly increased in CLA-1-overexpressing cells as a result of their exposure to SAA. These results imply that CLA-1 may act as an SAA receptor, mediating SAA-induced activation of the MAPK signaling pathway. This suggestion is consistent with the recently reported results demonstrating SR-BI involvement in the HDL-induced downstream activation of Ras with the subsequent induction of the MAPK signaling cascade (42) . In addition, CLA-1 has been reported to be associated with the PDZ-containing adaptor protein (43) , whose function is associated with signal transduction (44) . Furthermore, it has been demonstrated that in some cell types CLA-1 is located in the plasma membrane caveolae (62), specialized surface microdomains implicated in a number of transport and signaling processes (63) . Abundant morphological and biochemical evidence indicates that a variety of proteins known to be involved directly or indirectly in signal transduction are enriched in caveolae (64) . The implications of data linking CLA-1 and activation of the MAPK signaling cascades may go beyond CLA-1 participation in the SAA cytokine-like activity. In view of prior reports demonstrating that p38 MAPK activation can be involved in the actin cytoskeleton reorganization (65) as well as in filamentous actin polymerization (66) , CLA-1 may be potentially involved in intracellular actin-based trafficking processes, initiated upon ligand binding by the CLA-1 receptor.
In our study, we used a lipid-poor recombinant synthetic human SAA. SAA is known to exist in normal plasma almost exclusively bound to HDL (67) . This raises the question of the physiological relevance of the lipid-poor SAA form. Evidence for the relevance of the lipid-poor SAA comes from the analysis of serum SAA distribution during an acute phase reaction induced by LPS in mice (68) . In this study, 15% of SAA was present in the lipid-poor (not associated with any class of lipoproteins) form. Considering the high levels of SAA occurring with an acute phase reaction, this portion of SAA could easily account for the "cytokine-like" activity of the lipid-poor SAA demonstrated in our study as well as by others (3, 27, 29) . The association of SAA with HDL (3) or phosphatidylcholine vesicles (data not shown) greatly reduces its pro-inflammatory/ cytokine-like activity. Under physiological conditions (serum level of HDL 1.4 -1.6 mg/ml and SAA is Ͻ1.0 g/ml) there is an over 1000-fold excess of HDL relative to SAA, which apparently acts as a natural inhibitor of the chemoattractant and cytokinelike activity of SAA (27) . During the acute phase response, the serum concentration of SAA may reach levels up to 80 -1000 g/ml (25) , exhausting the capacity of HDL to bind all of the SAA and allowing some of the SAA to be in a lipid-poor form. Interestingly, we have found that HDL can also induce IL-8 secretion. However, HDL itself was a significantly weaker stimulator when compared with SAA.
There are conditions when there is a greater propensity for SAA to be in a lipid-poor form. In genetically determined or acquired HDL deficiency conditions there is a diminished capacity for SAA binding by HDL. In patients during the acute phase of Kawasaki disease reductions (up to 70%) in plasma HDL-cholesterol and in apolipoprotein A-I are observed (69) . Several studies (70, 71) indicate that HDL lipids and apolipoproteins measured in intravascular tissue fluids are 80 -90% lower than those in plasma. This reduction creates an environment more prone for lipid-poor SAA formation. Additionally, SAA concentrations can be dramatically elevated locally due to local injury, inflammation, or infection (72) . Considering that SAA synthesis occurs in several extra hepatic sites, this may also contribute to high local concentrations of lipid-poor SAA at the sites of inflammation (72) .
The findings of this study provide new insights into the possible biological role of the HDL receptor, CLA-1. Our results demonstrate that SAA is a ligand for the CLA-1 receptor and that CLA-1 is able to mediate SAA binding, uptake, and proinflammatory activity. These findings warrant additional work evaluating the potential significance of CLA-1 as a mediator of inflammatory and immune-related responses as well as the development of anti-inflammatory therapeutic agents targeting CLA-1.
